Association mapping of quantitative trait loci for yield-related agronomic traits in rice (Oryza sativa L.)  by XU, Fei-fei et al.
Journal of Integrative Agriculture  2016, 15(10): 2192–2202
RESEARCH  ARTICLE
Available online at www.sciencedirect.com
ScienceDirect
Association mapping of quantitative trait loci for yield-related 
agronomic traits in rice (Oryza sativa L.)
XU Fei-fei1, JIN Liang2, HUANG Yan1, TONG Chuan1, CHEN Ya-ling1, BAO Jin-song1
1 Institute of Nuclear Agricultural Sciences, Zhejiang University, Hangzhou 310029, P.R.China 
2 Research & Development Centre of Flower, Zhejiang Academy of Agricultural Sciences, Hangzhou 311202, P.R.China
Abstract 
High yield in rice mainly depends on large grain weight, ideal plant architecture and proper flowering time adapting to various 
geographic regions.  To help achieve higher yield, phenotype variations of heading date (HD), plant architecture and grain 
shape in a panel of 416 rice accessions were investigated in this study.  A total of 143 markers including 100 simple sequence 
repeat (SSR) markers and 43 gene-tagged markers were employed in association mapping to detect quantitative trait loci 
(QTL) responsible for these variations.  Among the 7 subpopulations, POP5 in japonica group showed the largest values 
of HD and grain width (GW), but the smallest values of grain length (GL) and grain length to width ratio (GLW).  Among the 
six indica groups, POP7 had the largest values of HD, GL, GLW, and 1 000-grain weight (TGW).  A total of 27 QTLs were 
detected underlying these phenotypic variations in single year, while 12 of them could be detected in 2006 and 2007.  GS3 
marker was closely associated with GL, GW and GLW, and widely distributed in different groups.  The starch synthesis 
related gene markers, SSI, SSIIa, SBE1, AGPL4, and ISA1, were linked to plant height (PH), panicle length (PL), flag leaf 
length (FLL), GW, and GLW.  The SSR markers, RM267, RM340 and RM346, were linked to at least two traits.  Therefore, 
these new markers will probably be used to improve rice grain yield or plant architecture when performing marker-assisted 
selection of proper alleles.
Keywords yield, plant architecture, heading date, association mapping, marker-assisted selection
land, it is important to achieve higher rice yield by improv-
ing yield-related traits, plant and panicle architecture and 
flowering time (Xue et al. 2008).
Effective tiller number, grain number per panicle and 
1 000-grain weight (TWG) are the major elements in deter-
mining rice yield.  Map-based methods have been used to 
clone some genes related to yield traits: one for rice tillering 
(Li et al. 2003), two for grain number per panicle (Ashikari 
et al. 2005; Huang et al. 2009), two for grain length (GL) 
(Fan et al. 2006; Zhang et al. 2012), five for grain width 
(GW) (Song et al. 2007; Shomura et al. 2008; Li Y et al. 
2011; Wang S et al. 2012; Sun et al. 2013), and two for 
grain-filling (Wang et al. 2008; She et al. 2010).  In addition 
to these traits, ideal plant architecture and flowering time 
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1. Introduction
Rice (Oryza sativa L.) is one of the most important crops. 
It feeds more than 50% of the world population.  However, 
to feed the increasing world population with limited arable 
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(heading date, HD) are also essential for producing high 
yield rice varieties.  The “green revolution” gene sd-1 for 
semi-dwarf plant (Spielmeyer et al. 2002), IPA1 (WFP1) 
(Jiao et al. 2010; Miura et al. 2010) and DEP1 (Huang et al. 
2009) for ideal plant architecture and many other genes for 
HD have also been cloned (Yano et al. 2000; Kojima et al. 
2002; Doi et al. 2004).  These genes are useful for improv-
ing rice yield.  However, the yield and yield-related traits 
are complex and controlled by many quantitative trait loci 
(QTLs).  The number of these QTLs is much greater than 
those that have been cloned.  Thus, further identification of 
new genes/QTLs is necessary.
Association mapping, also known as linkage disequi-
librium (LD) mapping, has recently been adopted to map 
QTLs by examining the marker-trait associations.  It enables 
researchers to exploit natural diversity using modern genetic 
technologies and locate valuable genes in the genome (Zhu 
et al. 2008; Hall et al. 2010).  In 2007, Agrama et al. (2007) for 
the first time mapped the loci associated with complex traits 
of rice yield, e.g., GW, GL, TGW, and grain length to width 
ratio (GLW).  Many of the associated markers were located 
in the regions where QTLs had been previously identified 
(Agrama et al. 2007).  Since then, association mapping has 
been frequently used to study the genetic control of complex 
traits, such as yield-related traits (Li X et al. 2011, 2012; Xu 
et al. 2014; Zhang et al. 2014; Liu et al. 2015), resistance 
to biotic (i.e., sheath blight resistance (Jia et al. 2012)) and 
abiotic stresses (i.e., salinity and alkalinity tolerance (Zheng 
et al. 2014; Cui et al. 2015), cold tolerance (Cui et al. 2013; 
Pan et al. 2015) and ozone stress (Ueda et al. 2015)), grain 
quality traits (Bryant et al. 2011; Xu et al. 2013; Zhao et al. 
2013; Rathi et al. 2014; Yang et al. 2014) and seed traits 
(such as seed longevity (Li et al. 2014), dormancy (Rathi 
et al. 2014) and seed vigor (Dang et al. 2014)).  Association 
mapping in rice has become a valuable supplement to linkage 
mapping. Such studies have identified numerous loci for 
molecular breeding and enhanced our understanding about 
the genetic mechanisms underlying the complex traits of rice.
With the development of next-generation sequencing 
technology, genome-wide association study (GWAS) has 
been adopted to detect QTLs for rice agronomic traits in 
high-resolution (Huang et al. 2010, 2012).  More than 500 
diverse rice landraces were used to construct a high-density 
rice haplotype map and perform GWAS for 14 agronomic 
traits, which identified a sub stantial number of potential loci 
important for rice production and improvement (Huang et al. 
2010).  The identified loci explained about 36% of the phe-
notypic variance on average, with some mapped loci close 
to single gene resolution, which indicated that GWAS of 
rice landraces could provide an effective approach for gene 
identification (Huang et al. 2010).  With a wider range and 
larger scale library representing 950 worldwide rice cultivars, 
Huang et al. (2010) identified 32 new loci related to flowering 
time and 10 grain-related traits apart from the loci identified 
previously, indicating that larger sample size increased 
the power to detect trait-associated genetic variants using 
GWAS.  Since then, GWAS based on re-sequencing has 
been frequently used to identify candidate genome regions 
related to the complex traits of interests in high resolution 
from diverse collections of rice germplasm.  Begum et al. 
(2015) performed an association mapping for 19 agronomic 
traits including yield and yield components in a breeding 
population of elite irrigated tropical rice breeding lines.  They 
identified 52 QTLs for 11 agronomic traits, including large 
effect QTLs for flowering time and GLW.  GWAS has also 
been applied to dissect the genetic variations in rice me-
tabolites.  Chen et al. (2014) performed GWAS for mapping 
genetic loci controlling 840 metabolites using 5.4 million 
single nucleotide polymorphisms (SNPs) and identified 36 
candidate genes modulating the levels of metabolites.
The powerful GWAS has allowed the quick identification 
of significant SNPs and provided insights into the genetic 
architecture of the quantitative traits.  However, for a small 
scale molecular breeding laboratory, GWAS based re-se-
quencing is resource and money-consuming.  Genotyping 
of rice breeding lines with simple sequence repeat (SSR) 
markers is a routine method in these laboratories.  In our 
lab, an association mapping panel that was developed 
previously (Jin et al. 2010) has been applied to conduct 
marker-trait association studies for discovering markers 
related to grain color, phenolic content, flavonoid content, 
and antioxidant capacity in dehulled rice (Shao et al. 2011), 
as well as starch synthesis-related gene (SSRG) markers 
for starch physicochemical properties in non-glutinous rice 
(Yang et al. 2014).  In the present study, we did an associ-
ation mapping of nine agronomic traits to explore potential 
QTLs for achieving higher rice yield within this panel, and 
analyzed the allele frequency of important QTLs to better 
understand the genetic function of different alleles.
2. Materials and methods
2.1. Rice materials 
An association mapping panel consisting of 416 rice acces-
sions has been developed previously (Jin et al. 2010).  All 
the rice accessions were grown in late May, and harvested 
in early October in 2006 and 2007, at the Zhejiang Univer-
sity Farm, Hangzhou, China.  For convenience, we used 
“two years” to denote year 2006 and 2007.  Standard field 
management practices were adopted for growing the 416 
rice accessions in both 2006 and 2007.
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2.2. Evaluation of agronomic traits
Nine agronomic traits in 406 and 403 accessions were 
measured in 2006 and 2007, respectively.  Heading date 
(HD) was evaluated by days from sowing to heading.  When 
panicles and grains had fully matured, plant height (PH) was 
measured from soil surface to the apex of the main stem. 
On the main stem, flag leaf length (FLL) was evaluated from 
the junction of leaf blade and sheath to leaf apex, and flag 
leaf width (FLW) was measured at the widest site of the leaf. 
Panicle length (PL) was measured with the largest panicle. 
1 000-grain weight (TGW) was calculated from the weight 
of 200 grains that were sun dried to 12% moisture content. 
Grain length (GL) and grain width (GW) were measured by 
vernier caliper and the grain length to width ratio (GLW) was 
calculated as GL/GW.  Except HD, the mean trait values 
of five replications for each accession were used as input 
data to identify QTLs.
2.3. Statistical analyses of phenotypic data
Analysis of variance (ANOVA) was carried out to determine 
subpopulation and environmental variances for the traits 
measured in two years using the general linear model pro-
cedure (PROCGLM) by the SAS program (ver. 8.0, SAS 
Institute Inc., Cary, NC).  Correlation procedure (PROC-
CORR) was used for correlation analysis among each trait. 
Duncan’s new multiple-range test was performed to examine 
significant differences among subpopulations.  Boxplot 
and histogram of each trait in different subpopulations was 
calculated by R.
2.4. Association mapping
A total of 143 markers including 100 random SSR markers, 
41 markers for starch synthesis-related genes (SSRGs), 
one marker for Rc (brown pericarp and seed coat) and a 
FGR (fragrance gene) marker for aroma were employed 
in association mapping (Yang et al. 2014).  The popula-
tion structure (Q) among the 416 entries was estimated 
previously by 100 SSRs (Jin et al. 2010) with the program 
STRUCTURE (ver. 2.2) (Pritchard et al. 2000).  The relative 
kinship (K) matrix was calculated previously on the basis of 
100 SSR loci (Shao et al. 2011) with the program SPAGeDi 
(Hardy and Vekemans 2002).  After comparing the models 
of ANOVA, Q and Q+K performed in TASSEL ver. 2.0.1 (Yu 
et al. 2006; Bradbury et al. 2007), it was found that the K+Q 
model was most suitable for association mapping the traits 
in this panel as reported previously (Shao et al. 2011; Yang 
et al. 2014).  Therefore, the results from K+Q model are 
reported in this study.  For the Q+K model performed using 
mixed linear model (MLM), the default run parameters of 
convergence criterion was set to 1.0×10–4 and the maximum 
number of iterations was set to 200.  Markers with P<0.001 
were regarded significant.
3. Results 
3.1. Phenotype variation among subpopulations
According to the membership pattern when K=7, the rice 
accessions in POP1, POP2, POP3, POP4, POP6, and 
POP7 belonged to the indica group, whereas only those 
in POP5 belonged to the japonica group (Jin et al. 2010). 
A total of 406 and 403 accessions were evaluated for nine 
yield-related traits in 2006 and 2007, respectively (Table 1). 
There is no significant difference in HD, FLL, GL, GW, GLW, 
and TGW between the two years.  However, PH in 2006 
was significantly shorter than that in 2007; PL and FLW in 
2006 were obviously larger than those in 2007. 
The phenotypes also varied among seven subpopulations 
(Fig. 1).  POP1 had the largest FLW among seven subpopu-
lations.  Compared to the average level, POP1 had the similar 
PL and TGW, shorter HD, PH and FLL, smaller GW, but larger 
GL and GLW.  POP2 had the similar FLW and TGW, shorter 
PL and FLL, the shortest HD and PH, the smallest GW, but 
larger GL and GLW compared with the average level.  POP3 
had the largest PH, PL and FLL, and all the other traits similar 
to the average level.  POP4 had the similar FLW and TGW, the 
smallest value of PH, PL and FLL, as well as a little smaller 
HD and GW.  POP5 had the longest HD and largest GW, 
but the shortest FLL, GL and GW, similar FLW and TGW, as 
well as shorter PH and FLL than the average.  POP6 had 
the smallest FLW, but all the other traits were similar to the 
average.  POP7 had the largest PL, GL, GLW, and TGW, 
larger FLL and FLW, but shorter HD, PH and GLW. 
Population structure was the main factor determining 
variation for most of the traits (Table 2), and explained phe-
notype variations ranging from 6.5% in TGW to 45.8% in 
PH.  Environment factor (year) only had significant influence 
on PH and PL.  Subpopulation and environment interaction 
had no effect on any of the 9 traits.
3.2. Correlation analysis of all traits
The correlation coefficient of each trait between the two 
years ranged from 0.780 in FLL to 0.947 in HD (P<0.001), 
which also proved that these agronomic traits were stably 
inherited (Table 3). 
In both years, HD was positively correlated with PH, PL, 
FLL, FLW, and GW, and negatively correlated with GLW. 
HD was positively correlated with TGW only in 2006.  PH 
was positively correlated with PL and FLL, and negatively 
correlated with GLW in both years, but only positively cor-
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Table 1  Mean value of the phenotypic traits among seven subpopulations (subpop)1) 
Subpop Number HD PH PL FLL FLW GL GW GLW TGW
2006
POP1 30 66.55 de 91.30 de 24.35 b 32.85 b 1.84 a 9.01 b 2.83 de 3.23 b 24.60 b
POP2 35 61.66 f 80.25 f 22.41 c 30.78 bc 1.75 ab 8.67 c 2.72 e 3.24 b 24.38 b
POP3 79 70.46 cd 135.37 a 26.46 a 40.79 a 1.76 a 8.09 d 3.08 b 2.64 d 23.93 b
POP4 37 63.94 ef 84.72 ef 22.38 c 28.43 c 1.65 bc 8.66 c 2.89 d 3.04 c 24.30 b
POP5 84 83.54 a 94.51 c 22.08 c 33.57 b 1.79 a 7.92 d 3.33 a 2.42 e 24.71 b
POP6 88 71.90 c 117.84 b 24.35 b 39.58 a 1.62 c 8.22 d 2.96 bc 2.79 d 23.87 b
POP7 53 77.77 b 97.29 cd 26.21 a 38.29 a 1.82 a 9.48 a 2.80 de 3.44 a 25.97 a
Total 406 72.85 c 105.58 c 24.19 a 36.16 bc 1.74 ab 8.43 cd 3.00 bc 2.86 cd 24.46 b
2007
POP1 30 67.72 C 97.83 CD 23.20 CD 34.40 C 1.81 A 9.02 B 2.76 C 3.31 A 24.84 B
POP2 35 62.31 D 90.48 DE 22.08 DE 31.32 CD 1.80 A 8.87 B 2.78 C 3.24 AB 24.84 B
POP3 79 71.34 C 143.31 A 25.20 A 43.98 A 1.71 AB 8.04 C 3.04 B 2.65 C 24.38 B
POP4 36 63.58 D 87.87 E 21.55 E 29.97 D 1.64 BC 8.76 B 2.86 C 3.11 B 24.61 B
POP5 83 83.48 A 99.87 C 21.54 E 33.65 C 1.73 AB 8.08 C 3.44 A 2.39 D 24.98 B
POP6 87 71.38 C 121.87 B 23.74 BC 38.14 B 1.57 C 8.34 C 3.04 B 2.75 C 24.31 B
POP7 53 78.47 B 105.17 C 24.92 AB 38.55 B 1.79 A 9.54 A 2.85 C 3.38 A 26.07 A
Total 403 73.06 C 111.78 B 23.34 B 36.81 BC 1.70 B 8.52 CD 3.04 BC 2.86 CD 24.79 B
1) HD, heading date; PH, plant height; PL, panicle length; FLL, flag leaf length; FLW, flag leaf width; GL, grain length; GW, grain width; 
GLW, grain length to width ratio; TGW, 1 000-grain weight.  The same as below.
Different lowercase and uppercase letters mean difference at P<0.05 in 2006 and 2007, respectively.
related with GW and TGW in 2006 and 2007, respectively. 
PL was positively correlated with FLL, FLW, GL, GLW, and 
TGW, but negatively correlated with GW in both years.  FLL 
was positively correlated with FLW in both years, but posi-
tively correlated with TGW only in 2007.  FLW was positively 
correlated with GL, GW and TGW in both years.  GL was 
positively correlated with GLW and TGW, but negatively cor-
related with GW in both years.  GW was positively correlated 
with TGW and negatively correlated with GLW in both years. 
3.3. Association mapping
A total of 27 QTLs were detected highly significantly as-
sociated with nine traits in the two years (Table 4, Fig. 2). 
Among them, 12 were identified in both years.  Two QTL 
clusters influencing more than three traits were localized to 
Table 2  Analysis of variance for agronomic parameters
df HD PH FLL FLW GL GW GLW PL TGW
POP 6 38 229.25*** 286 180.70*** 14 754.89*** 5.163*** 210.183*** 36.631*** 98.282*** 2 089.48*** 295.35***
Year 1 15.47 6 924.92*** 97.01 0.121 1.306 0.094 0.007 132.30** 14.87 
POP×Year 6 97.34 980.79 512.86 0.169 1.396 0.794 0.332 28.82 3.43 
R2 0.326 0.458 0.219 0.098 0.314 0.375 0.395 0.190 0.065
** and *** indicate significance at 0.01 and 0.001 levels, respectively.
Table 3  Coefficients of pairwise correlations of agronomic traits1)
HD PH PL FLL FLW GL GW GLW TGW
HD 0.947*** 0.301*** 0.181*** 0.303*** 0.131** 0.025 0.361*** –0.182*** 0.090
PH 0.250*** 0.919*** 0.620*** 0.755*** –0.035 –0.047 0.062 –0.109* 0.109*
PL 0.165*** 0.620*** 0.813*** 0.638*** 0.290*** 0.346*** –0.121* 0.240*** 0.219***
FLL 0.368*** 0.686*** 0.663*** 0.780*** 0.147** 0.063 –0.005 0.003 0.129** 
FLW 0.145** 0.015 0.217*** 0.204*** 0.825*** 0.172*** –0.061 0.131** 0.161**
GL –0.028 –0.043 0.329*** 0.093 0.158** 0.933*** –0.449*** 0.847*** 0.420*** 
GW 0.203*** 0.105* –0.201*** 0.018 0.102* –0.421*** 0.813*** –0.840*** 0.259*** 
GLW –0.129** –0.129** 0.265*** 0.013 0.020 0.826*** –0.845*** 0.940*** 0.074
TGW 0.106* 0.043 0.157** 0.085 0.127* 0.394*** 0.216*** 0.090 0.890*** 
1) 2006, lower the diagonal; 2007, upper the diagonal.  The correlation coefficient of the same trait between 2006 and 2007 is shown in 
bold.
*, ** and *** indicate significance at 0.05, 0.01 and 0.001 levels, respectively.
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Fig. 1  Boxplot of 9 traits phenotype variation among different subpopulations (upper: 2006, lower 2007).  A, heading date.  B, plant 
height.  C, panicle length.  D, flag leaf length.  E, flag leaf width.  F, grain length.  G, grain width.  H, grain length to width ratio. 
I, 1 000-grain weight.  Box edges represent the upper and lower quantile with median value shown as bold line in the middle of the 
box.  Whiskers represent 1.5 times the interquartile range of the trait data.  Individuals falling outside the range of the whiskers 
show as open dots.  
chromosomes 3 and 7.
3.4. Heading date
There were a total of four QTLs detected for HD.  Genomic 
regions spanning the markers RM53, RM218 and AGPL4 
(located on chromosomes 2, 3 and 7, respectively) were 
detected in both years.  The other marker for HD, RM507 
was detected only in 2007.
3.5. Plant architecture related traits
Five QTLs for PH, one QTL for PL, one QTL for FLL, and 
two QTLs for FLW were detected in two years.  AGPL4 for 
PH was stably detected in both years and had the highest 
association with PH.  SSIIa and Rc gene markers were de-
tected to be associated with PH only in 2006, while RM237 
and SSI were detected for PH only in 2007.  One marker 
(SBE1) was detected for PL in both years.  AGPL4 was the 
only marker detected for FLL in 2006.  Three QTLs were 
detected for FLW: SBE1 was detected only in 2006, RM218 
was identified only in 2007 and RM216 was identified in 
both years.
3.6. QTLs for yield component traits
There were two, seven and five QTLs detected for GL, GW 
and GLW, respectively.  No QTL was found for TGW in two 
years at P<0.001. 
Both of the two markers (GS3 and RM201) for GL were 
detected in both years.  Among the seven QTLs for GW, 
only two of them (GS3 and RM346) were detected in both 
years.  Three of the five QTLs for GLW were detected in both 
years.  GS3 was the most highly associated locus for GLW, 
followed by RM346 and RM267.  ISA1 and RM340 loci for 
GLW were detected only in 2006 and 2007, respectively.
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3.7. Allelic effect
The allelic effect for each locus could be estimated by 
comparing the mean phenotypic data of each trait (Fig. 3). 
AGPL4 was highly associated with HD, PH and FLL 
(Table 4).  We compared the HD of different AGPL4 alleles 
among all rice accessions and subpopulations.  Among all 
rice accessions, rice varieties carrying allele 2 had larger HD 
than allele 1 (Fig. 3-A and B).  Among each subpopulation, 
rice carrying allele 2 still showed larger HD than allele 1, 
while POP2 and POP4 only carrying allele 1 had shorter 
HD.  The functional marker GS3RGS1 developed by Wang 
et al. (2011) segregated well with GS3.  GS3RGS1 was as-
sociated with GL, GW and GLW.  There were 3 GS3RGS1 
alleles in the whole population.  Rice accessions with allele 3 
had the largest GL, then followed by the accessions car-
rying allele 2 and allele 1 (Fig. 3-C and D).  Among each 
subpopulation, POP1, POP2, POP4, and POP6 showed 
similar trend in the whole population.  However, in POP3, 
accessions with allele 2 and allele 3 had similar GL in 2006. 
In POP5, the mean GL value in accessions with allele 1 
was slightly larger than those with allele 2.  In POP7, rice 
varieties with allele 2 had the largest GL, followed by those 
with the allele 3 and allele 1.
4. Discussion
It is important to achieve higher rice yield by improving 
yield-related traits, plant and panicle architecture and 
flowering time to feed the increasing world population with 
limited arable land (Xu et al. 2015).  Discovering the genetic 
basis underlying the yield related traits can facilitate the im-
provement of rice yield via marker assisted selection (MAS) 
approach.  Many QTLs for HD, yield component traits and 
plant architecture have been cloned or fine mapped.  In this 
study, we collected 406 rice accessions to detect QTLs for 
yield associated traits by association mapping.  Forty-one 
SSRG markers, an Rc marker for pericarp color and a FRG 
marker for aroma, and 100 SSR markers were used to 
detect QTLs and study their pleiotropic effects on different 
phenotypes.  This is an ideal panel for association mapping 
that has been successfully used in identifying loci strongly 
associated with rice nutritional quality and starch physico-
chemical properties (Shao et al. 2011; Yang et al. 2014).
4.1. Phenotype variation among different subpop-
ulations 
Population structure was the dominant factor determining 
HD, PH, PL, FLL, GL, GW, and GLW with more than 19% 
of the phenotype variation explained by population struc-
ture.  But it had less effect on FLW and TGW that explained 
about 9.8 and 6.5% of the phenotype variation, respectively 
(Table 2).  So it is vital to determine the population structure 
before a proper association mapping was conducted.
Among these indica subgroups, they shared similar 
characteristics, which were different with those of japonica 
accessions.  The HD of these indica groups had a narrow 
range, and the median value was obviously smaller than that 
of POP5.  The POP5 had a wider range of HD, three quarters 
of accessions in POP5 had a larger HD than those of other 
subgroups (Fig. 1-A).  Rice is a kind of short-day plant, the 
HD of japonica group POP5 adapting to short-day conditions 
mainly in temperate area was delayed in subtropical zone 
(Hangzhou, China).  The GL of these indica subgroups were 
larger than those of japonica accessions (Fig. 1-F).  Among 
the six indica subgroups, POP1 had the largest FLW; POP2 
had the smallest HD, PH and GW; POP3 had the largest 
PH, PL and FLL; POP4 had the smallest PH, PL and FLL; 
POP6 had the smallest FLW and POP7 had the largest PL, 
Table 4  QTLs detected for agronomic traits in 2006 and 2007
Trait Locus Chr.
2006　 2007　
F_Marker P_Marker F_Marker P_Marker
HD RM53 2 12.4587 5.63×10–6 12.3143 6.45×10–6
RM218 3 6.8126 2.60×10–5 6.8711 2.34×10–5
RM507 5 11.4002 8.11×10–4
AGPL4 7 11.8511 6.36×10–4 15.6992 8.77×10–5
PH RM237 8.9576 1.56×10–4
SSI 6 6.5124 2.64×10–4
SSIIa 6 11.5156 7.64×10–4
Rc 7 12.6873 4.12×10–4
AGPL4 7 12.9689 3.56×10–4 16.7262 5.22×10–5
PL SBE1 6 12.4075 4.80×10–4 12.5001 4.57×10–4
FLL AGPL4 7 29.9045 7.95×10–8
FLW RM16    3 5.2084 4.23×10–4
SBEI 6 14.1842 1.92×10–4
GL GS3 3 18.6364 1.97×10–8 8.8181 1.17×10–5
RM201 9 11.5261 1.38×10–5 10.0935 5.34×10–5
GW GS3 3 12.2039 7.42×10–6 8.6948 2.05×10–4
RM267 5 17.3742 3.76×10–5
RM161 5 7.4031 6.96×10–4
RM340 6 4.2596 8.72×10–4
RM346 7 8.5485 1.63×10–5 9.8775 2.70×10–6
ISA1 8 15.2621 1.10×10–4
RM309 12 10.6634 3.08×10–5
GLW GS3 3 19.1235 1.27×10–8 22.8287 4.58×10–10
RM267 5 14.7297 1.44×10–4 13.2981 3.00×10–4
RM340 6 4.6576 3.81×10–4
RM346 7 6.9705 1.40×10–4 8.0854 3.07×10–5
ISA1 8 12.6843 4.12×10–4
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GL, GLW, and TGW (Table 1).  These findings showed the 
agronomic traits are different between indica and japonica 
subspecies, but differences are still found among different 
subgroups in the same indica background.
4.2. QTLs detection and their application for MAS
Floral transition is promoted under short-day conditions in 
rice. HD is mainly determined by photoperiod sensitivity 
and the duration of basic vegetative growth (Kojima et al. 
2002).  Four QTLs were detected in our study by association 
mapping with rice accessions collected from various regions. 
RM53, identified to be tightly linked to HD in both years, was 
likely to be the QTL, Hd7, which was linked to the SLAF 
markers C560 and R3393 (Yamamoto et al. 2000).  RM507 
for HD detected on chromosome 5 was potentially new loci 
(P=8.11×10–4).  Another QTL with large effects on HD was at 
the marker region of AGPL4, which corresponded to Ghd7, 
which encodes a protein with CCT domain, and has major 
effects on a series of traits in rice, including the number 
0
20
5
25
30
35
40
45
10
15
Mb
RM 495
RM 283
RM 1
Gn1a
RM 449
AGPL2
RM 5
RM 246
RM 237
SSIV-I
RM 297
RM 431
RM 154
RM 211
RM 324
SBE3
RM 106
RM 221
RM 53
SSII-2
RM208
RM 60
RM 218
RM 232
RM 251
GS3
RM3513
RM16
AGPL3
RM 293
RM 468
RM 85
RM 514
PUL
RM261
RM307
SBE4
RM142
RM273
RM252
Ra
RM317
SSIII-1
RM127
RM507
RM153
RM122
RM13
RM267
RM169
ISA2
RM459
RM163
RM161
SSIV-2
RM87
RM274
AGPL
RM31
Wx
SSI
RM217
RM253
RM276
SSIIa
RM 3
RM 454
RM 30
RM 340
SBE1
1 2 3 4 5 6
0
5
10
15
20
25
30
RM51
RM125
Rc
AGPL4
GBSSII
RM11
RM346
RM336
RM455
RM478
RM248
RM337
RM152
RM25
RM126
SSIII-2
AGPS2
RM339
FRG
RM284
ISA1
RM80
RM447
RM41
RM316
AGPS1
RM219
RM105
RM288
ISA3
RM278
RM201
RM215
RM222
RM216
RM311
SSII-1
RM258
RM171
RM484
RM147
RM228
RM286
RM167
RM202
RM209
RM229
RM21
RM287
RM206
RM224
RM20
RM19
RM511
RM309
RM463
RM277
RM17
7 8 9 10 11 12
FLL FLW GLWGWHD PH PL GL
Both
2006
2007
Fig. 2  Distribution of the QTLs for agronomic traits on the rice chromosomes.  The marker orders were presented according to 
their physical positions.
2199XU Fei-fei et al.  Journal of Integrative Agriculture  2016, 15(10): 2192–2202
of grains per panicle, PH and HD.  Natural mutants with 
reduced function enable rice to be cultivated in temperate 
and cooler regions (Xue et al. 2008).
Proper PH with lodging-resistant characteristics is vital 
for higher yield.  All the five QTLs detected for PH were 
close to previously well mapped QTLs.  Two markers on 
chromosome 6, SSI and SSIIa, were closely mapped to d4 
(Maekawa et al. 2005) and qIN6-6 (Yamamoto et al. 2001), 
respectively.  RM237 corresponded to the gene encoding 
DGL1, which is important for cell and organ elongation in 
rice.  Aberrant DGL1-mediated microtubule organization 
causes up-regulation of gibberellin biosynthetic genes 
independently of gibberellin signaling (Komorisono et al. 
2005).  Two markers Rc and AGPL were observed to be 
close to qPH7 (Wang P et al. 2012), and they might be the 
same gene or two tightly related QTLs. SBEI was about 
3 Mb away from the qPL6 locus for panicle length (Zhang 
et al. 2015).  The only marker (AGPL4) for FLL was close 
to qFL7 (Wang P et al. 2012; Xu et al. 2015).  
TGW is determined by GL, GW and grain thickness. 
Two QTLs for GL were detected in both years, GS3 marker 
was close to GS3 gene, a major QTL for grain length and 
minor QTL for GW detected in both years (Fan et al. 2006). 
Allele 3 of GS3RGS1 was absent from POP1 and POP5, 
indicating that these two subgroups had small difference in 
GL.  New alleles should be introduced to POP1 and POP5 
for breeding long grain rice varieties.  Among indica subpop-
ulations, POP2, POP4 and POP6 shared similar GL trend 
with the whole population.  The allele 1 of GS3RGS1 might 
be an inferior allele because it seemed to have shorter GL 
compared to other alleles, while allele 3 should be selected 
because of its superiority for GL.  In POP7, allele 2 had 
larger GL than the other two alleles while allele 3 did not 
exist in POP1, suggesting that allele 2 was also a fine allele 
existed in certain subpopulations.  RM201 was close to qGL9 
which is responsible for grain length (Miyata et al. 2007). 
Among seven QTLs for GW, GS3 marker was also close 
to the GS3 gene, which is a minor QTL for GW (Fan et al. 
2006), RM267 was close to GS5, which encodes a putative 
serine carboxypeptidase and serves as a positive regulator 
of grain size, so that higher expression of GS5 is correlated 
with larger grain size (Li Y et al. 2011).  RM161 was also 
close to qGW5-3 (Ying et al. 2012).  RM340 was close to 
the gene THOUSAND-GRAIN WEIGHT 6 (TGW6).  TGW6 
encodes a novel protein with indole-3-acetic acid (IAA)-glu-
cose hydrolase activity.  In sink organs, the Nipponbare tgw6 
allele affects the timing of the transition from the syncytial 
to the cellular phase by controlling IAA supply and limiting 
cell number and GL (Ishimaru et al. 2013).  RM309, located 
on chromosome 12, was close to qTGW12 responsible for 
grain weight (Wang P et al. 2012).  Other QTLs might be 
new QTLs for grain width.  GLW is determined by both GL 
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and GW, so all of the five QTLs were also QTLs for GL or 
GW (Table 4).  
Among the SSRGs, SSI was responsible for PH in 2007. 
SSIIa was the QTL for PH in 2006.  SBE1 was responsible 
for PL in both years, and for FLW in 2006.  AGPL4 was re-
sponsible for HD and PH in both years, and for FLL in 2006, 
while ISA1 was responsible for GW and GLW in 2006 and 
2007, respectively.  These results indicated that there were 
some close relationships between rice agronomic traits and 
starch synthesis, and proper alleles should be selected for 
producing high grain quality and high yield varieties.  Some 
SSR markers linked with at least two traits are valuable for 
pyramiding desired traits together.
5. Conclusion
We identified 27 QTLs for yield-related traits, plant archi-
tecture and HD by association mapping, which improved 
our understanding on different genomic and environmental 
factors influencing rice yield.  Allele 2 of the marker GS3 
was a good allele for improving grain weight, while allele 
1 and allele 2 of AGPL4 were responsible for short and 
long HD, respectively.  They should be used together to 
improve rice grain yield or plant architecture with proper 
HD in different environments.  It should be noted that the 
marker trait association should be further validated in a 
segregating population before they can be directly applied 
in breeding programs.
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